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Precast concrete medium and high ri se buildings normally consist of precast concrete loadbearing shear wall panels arranged in both the longitudinal and transverse directions of the building to resist lateral loads, as shown in Fig. I . The major difference between the longitudinal and transverse shear walls is mainly the type of horizontal con- nection. Transverse shear walls are normally used to support the hollowcore slab of the floor system, whereas the longitudinal shear walls run parallel to the hollow-core slab and do not include the hollow-core slab at their connection, as shown in Fig. 2 .
HOllOW-CORE SLAB
The connections between the panels are extremely important. A well designed simple connection normally minimizes construction time, requires minimal false work and maintains the overall integrity of the structure.
A recent innovative technique,
LONGITUDIN AL SHEAR WALL PANEL QR'fPACK
Fig. 2. Horizontal connections for longitudinal and transverse shear walls.
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utilized in the construction of horizontal connections for load bearing shear wall panels, is the use of vertical post· tensioning tendons. The strands pass through galvanized ducts from the top panel to the base of the structu re . While the panels are temporarily braced, the gap between panels, which is necessary for alignment purposes, is packed with dry pack. After the erection of several stories, the tendons are post·tensioned, the ducts are grouted and the temporary braces are removed.
Until now, the post·tensioned hori· zontal connection, with or without a hollow-core slab, has not been adequately examined so as to gain a thorough understanding of its shear behavior under the various limit states.
Also, the available literature on the subject is not directly applicable to this type of connection.
RESEARCH SIGNIFICANCE
The primary objective of this research is to investigate the behavior of post-tensioned connections for precast concrete load bearing shear wall panels subjected to monotonic shear loading conditions. Connections of shear wall panels supporting the hol- low -core slab were included. Two load levels normal to the connection were considered to simulate the gravity and pennanent loads. The research includes development of rational mathematical models proposed to predict the behavior and capacity of these connections at various limit states.
The maximum shear capacity and the nominal shear strength based on the proposed mathematical models compared favorably with the measured values.
BACKGROUND
Horizontal connections are typically reinforced with a combination of continuity bars and mechanical shear connectors. In a previou s study conducted at the University of Manitoba,1 it was found that the shear capacity of the horizontal connection may be pre- The total vertical stress nonnal to the connection, a n' is distributed to the bearing area of the hollow-core slab in contact with the dry pack, Column I, all ]' and the bearing area of the concrete fill between the hollow-core slabs, Column 2, cr n 2, using the following expressions:
where k, and k2 are the equivalent spring constants of Columns I and 2, respectively. These constants can be detennined using the thickness, t;, and the elastic modulus, E j , for the individual components of the connection as follows:
where the different components are designated: i = I for bearing pad i = 2 for hollow-core slab i = 3 for concrete fill in the cores of the hollow-core slab i = 4 for drypack i = 5 for concrete fill between hollow-core slabs
EXPERIMENTAL PROGRAM
Nine full scale specimens were tested in this experimental program.'
The first two groups of specimens were designed to simulate the tran sverse interior shear wall connections supporting the hollow-core floor slabs. The third group was designed to simulate the hori zontal connection of the longitudinal shear walls used for the elevator shafts and stairwells. For each category, the presence of post-tensioning was investigated and two levels of load normal to the connection were considered to simulate the effects of gravity and permanent loading conditions.
In this paper, the first digit of the specimen mark, given in Tables I and   2 , represents the specimen number. The following two characters indicate the particular combination of paramelers as follows: HD: hollo w-core slab and drypack only; HP: hollow-co re s lab and POSItensioning; and PD: po st-ten sio ned wi th drypack on ly NOle that the last digit of the mark,
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given in Tables I and 2 , represents the level of stress [4 and 8 MPa (580 and 11 60 psi) ] normal to the connection.
A typical specimen wilh ho llowcore slab and post-tensioning is shown in Fig. 5 . The hollow-core slab rests on Korolath bearing pads on th e bottom pane i. The cores of th e hollowcore slab and the gap between the ends of two slabs are fill ed with a f10wabl e concrete fill. The gap between the hollow-core slab and the top panel is filled with drypack. Load was applied normal to th e connection to simulate the effects of gravity, and the shear load was applied directl y through the center of the connection, as shown in To produce equivalent pressure on the bearing pad as attained by the long comparable to that of the precast pane ls and the hollo w-core slab, and is much stronger than the dry pack. Seven days after drypacking, the strands were post-tensioned and th e ducts were grouted using an expansive gro ut. Twenty-eight days later, the spec im e n was moved to th e testin g machine where the horizontal connection was tested in a vertical orie ntati on, as shown in Fig. 6 .
The edges of the panels were posttensioned with a system of Dywidag bars to prevent premature cracking of the panels. The load normal to the connection was applied through a system of rollers to allow relati ve displacement of the two panel s in the direction of the applied shear load.
Vertical and horiwntal relative dis·
placements from panel to panel and across the va ri ous interfa ces were measured as shown schematically in Fig. 7 . Electronic LVDTs were used on one surface of th e pan el while mechanical dial gauges were used on the other.
The measured material properties for the concrete used in the shear wall panels, concrete fill and drypack are listed in Table I . The tensile strength of the concrete fill, based on the measured compress ive strength , is also listed in Table I . The hollow-core slab was supplied by Con-Force Structures Limited, Winnipeg, Manitoba, Canada, with a design stre ngth of 52 MPa (7540 psi) and tensile strength of 4.3 MPa (627 psi).
TEST RESULTS AND DISCUSSION
The measured max imum and nomi· nal shear strength of all the tested connection s are listed in could be due to the incomplete concrete filling of the bottom core of the hollow-core slab, since the cracks did not propagate along the connection with the increase of the applied slip defonnation.
For the specimens te sted under
higher levels of stress normal to the connection, Specimens 2HD8, 3HD8, 5HP8 and 6HP8, extensive cracking of the hollow-core slab was observed at failure of the connection, as shown in Fig. 8 . The cracking began prior to the maximum applied shear load, and the cracks propagated by increasing the , applied slip defonnation.
For Specimen 5HP8, a post-tensioned hollow-core specimen tested at the higher load level of 8 MPa (1160 psi) normal to the connection , it was found that damage occurred in the concrete wall panel, as shown in Fig. 9 . Crushing and spalling of the concrete in this zone is attributed to the eccentricity of the applied shear load due to the presence of the hollow-core slab which induces a higher level of compressive stress in this vicinity.
The effect of the different variables investigated in this program on the behavior of the connection is summarized in the following section s. post-tensioning enhances the friction resistance of the connection and may be accounted for by simply adding the post-tensioning equivalent stresses to the gravity load.
(c) Effect of the Presence of a Hollow-Core Slab At the low stress level, 4 MPa (580 psi) normal to the connection, the presence of the hollow-core slab had no effect on the behavior or the capacity of the post-tensioned connections. Thi s is clearly evident in Fig. 12 , which compares load vs. slip curves 70 for two post-ten s ioned s pec imens, Specimens 4HP4 and 7PD4, with and without a hollow-core slab.
However, at hi gher levels of load nannal to the connection, the presence of the hollow-core slab significantly affects the behav ior and the capacity of the connection. Fig. 13a illustrates the be havior of four specimens subjected to 8 MPa ( 1160 psi) load normal to the connection. The two specimens which support the hollow-core slab, 5HP8 and 6HP8, exhibit a significant reduction in the maximum and nominal shear strengths in comparison to Specimen s 8PD8 and 9PD8 with drypack only. Also evident from Fig. 13a is the reduction in the ductility for the specimens supporting the hollow-core slab. The stiffness of the connections supporting the hollow· core slab was also reduced at high levels of load nonmal to the connection .s illustrated in Fig. 13b .
Based on the observed behavior after cracking, the failure mechanism in horizontal connections with the hollow-core slab appears to be controlled either by the shear capacity of the hollow-core slab, as in those specimens tested at higher load levels normal to the connection, or by the friction resistance of the connection, as in those specimens tested at the lower load level. These two possible failure mechanism s are illustrated by the schematic load-slip Curves A and B in Fig. 14.
Curve A represents the typical loadslip behavior of a connection of a shear wall supporting a hollow-core slab and subjected to a high level of load nonmal to the connection. In this case, the maximum shear capacity, V h , and the nominal shear strength, V,,, of the connection are controlled by the cracking and nominal strength of the hollow-core slab. The behavior of the connection supporting the hollow-core slab subjected to low le vels of load nonnal to the connection, Curve B, is mainly controlled by the friction model, Vp
PROPOSED MATHEMATICAL MODEL (a) Maximum Shear Capacity
Based on thi s investigation, the following mathe matical model is proposed to predict the maximum shear capacity of post-tensioned horizontal connections with or without a hollowcore slab.
As shown in Fig. 14 , the max imum shear capacity could be predicted as the lesser of that determined by the friction model, Vf' given by Eq. (2a), and the cracking ca pacity of the hollow-core slab, V" given by Eq. 
Sli p. mm The maximum shear capacity based on the cracking capac ity of the hollow-core slab, Vh ' can be predicted using the areas of the interface of the hollow-core s lab at the connection, Column I, A bl " and the concrete fill , Column 2, Abc' as described in Fig. 4 . The magnified tensi le strengths of the concrete of Column I and Column 2, 
(b) Nominal Shear Strength
At failure , the norma l and shear strength of the connection are resisted only by the area of the web of the hollow-core slab. This assumption is based on th e observed complete loss of bond between the concrete fi ll and the hollow-core slab at failure. In some cases, the loss of bond may be caused by incomplete filling of the cores with the concrete fill during construction, the effects of shrinkage, or the propagation of cracks through the hollow-core slab and along the surface of the concrete fill in contact with the cores, as was observed in several of the specimens tested.
Based on a complete loss of bond, and therefore the prediction could be quite conservative, the nominal shear strength of horizontal con nections with a hollow-core slab could be predicted as the lesser of that determined by the friction model, V" Eq. (2a), and the nominal s hear streng th of the hollow-core slab, Experimental Results (kN) Fig. 15 . Relationship between the measured and predicted maximum shear capacity of the connection. Experimental Results (kN) Fig. 16 . Relationship between the measured and predicted nominal shear strength of the connection.
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ness at mid-height of the hollow-core slab beneath the contact surface area A bh . For the given geometry of the hollow-core slab tested in this investigation, AWh ; 0.25A bh .
In this model, the contribution from the middle concrete fill of the connection, Column 2, remains unchanged while the contribution at the hollowcore slab is modified to reflect the loss of bond. The area of the hollow-core slab in contact with the drypack, A bh , is reduced by a factor of four; however, the normal stress a ni is also increased, by a factor of four, due to the reduction of the contact area at failure . 
SAMPLE CALCULATION
Consider a typical post-tensioned connection for a precast concrete loadbearing interior shear wall panel at the base of a 32-story high rise building as shown in Fig. 4 . To predict the maximum shear capacity and nominal shear strength of the connection, assume the following infonnation is given:
Equivalent gravity and permanent load at connection level ; 8 MPa (1.16 ksi) Equivalent post-tensioning stresses ; 1.2 MPa (0.17 ksi) Therefore, total load normal to the connection, on ; 8 + 1.2; 9.2 MPa (1.3 ksi).
The compressive strength of the various materials used for thi s connection, as described in Fig. 3 , are:
Hollow-core slab:
f~2 ; 52 MPa (7.54 ksi)
Concrete fill in cores of hollow-core slab:
f~3 ; 53.3 MPa (7.7 ksi) Drypack: f~4 ; 12.7 MPa ( 1.85 ksi)
Concrete fill between hollow-core slab: f~, = 53.3 MPa (7.7 ksi)
Based on the given compressive strengths, tensile strengths of the various materials estimated as /, = 0.6 {1; To evaluate the capacity based on the hollow-core slab, the modified tensile strength can be evaluated as fol- The maximum shear capacity, V h . can be determined using Eq. (2b): = " (120,000 x 6.81 + 60,000 x 9.17) = 912 kN (205 kips)
Based on the lesser of Vj and V", the maximum shear capacity is equal to 912 kN (205 kips).
For Specimen 6HP8 with the same pre scribed material properties and detailed configuration, the measured maximum shear strength is 947 kN (212 kips), which is 3 percent higher than the predicted value. shear strength is 880 kN (152 kips), which is 47 percent higher than the predicted value.
SUMMARY AND CONCLUSIONS
Nine prototype horizontal connee· tion s used for precast loadbearing shear wall panel s were tested. The connections included the hollow-core slab with and without post-tensioning and a plain surface connection with post-tensioning. The connections were subjected to monotonic shear loading conditions in order to investigate the va riou s limit s tate s behavior of horizontal post-tensioned connections. The effects of load normal to the connections, post-tensioning and the presence of the hollow-core slab were investigated.
Based on the results of this study, the following conclusions can be drawn:
1. An increase of the load le ve l normal to the connection increases the maximum shear capacity of the connection.
2. The effect of post-tensioning may be accounted for by adding the applied post-tensioning stresses to the gravity load normal to the connection.
3. For connections supporting the hollow-core slab, the failure mechanism could be controlled by friction resistance or by the shear capacity of the hollow-core slab.
4. 
PCI Committee on Precast Bearing Wall
November-December 1991 hollow-core slab at high levels of load normal to the connection, the stiffness and ductility of th e connection are reduced in comparison to the same type of connection without the hollowcore slab. Shear failure in the hollowcore slab results in rapid degradation of the shear strength of the connection. S. The maximum shear capacity of the connection with the hollo w-core slab is governed by the lower magnitude of the friction resistance and the hollow-core slab shear capacity.
6. The nominal shear strength of the connection with the hollow-core slab is based on complete loss of bond between the concrete fi ll and the hollow-core slab.
7. The analytical model proposed for the maximum shear capacity of the connection is in excellent agreement with the measured values. However,
APPENDIX -NOTATION
A, ~ dry pack int er fa ce s urface 
